Cholinergic transmission in the striatal complex is critical for the modulation of the activity of local microcircuits and dopamine release. Release of acetylcholine has been considered to originate exclusively from a subtype of striatal interneuron that provides widespread innervation of the striatum. Cholinergic neurons of the pedunculopontine (PPN) and laterodorsal tegmental (LDT) nuclei indirectly influence the activity of the dorsal striatum and nucleus accumbens through their innervation of dopamine and thalamic neurons, which in turn converge at the same striatal levels. Here we show that cholinergic neurons in the brainstem also provide a direct innervation of the striatal complex. By the expression of fluorescent proteins in choline acetyltransferase (ChAT)::Cre ϩ transgenic rats, we selectively labeled cholinergic neurons in the rostral PPN, caudal PPN, and LDT. We show that cholinergic neurons topographically innervate wide areas of the striatal complex: rostral PPN preferentially innervates the dorsolateral striatum, and LDT preferentially innervates the medial striatum and nucleus accumbens core in which they principally form asymmetric synapses. Retrograde labeling combined with immunohistochemistry in wild-type rats confirmed the topography and cholinergic nature of the projection. Furthermore, transynaptic gene activation and conventional double retrograde labeling suggest that LDT neurons that innervate the nucleus accumbens also send collaterals to the thalamus and the dopaminergic midbrain, thus providing both direct and indirect projections, to the striatal complex. The differential activity of cholinergic interneurons and cholinergic neurons of the brainstem during reward-related paradigms suggest that the two systems play different but complementary roles in the processing of information in the striatum.
Introduction
The striatal complex is critically involved in movement, learning, habit formation, and reward-related behavior. Broadly differentiated into two major regions, dorsal and ventral [the latter also known as nucleus accumbens (NA)], the striatum is predominantly composed of GABAergic projection neurons and a small proportion (5-10%) of interneurons (Graveland and DiFiglia, 1985; Kawaguchi et al., 1995; Tepper and Bolam, 2004) . Among them, cholinergic interneurons provide a dense innervation of the entire striatal complex (Bolam et al., 1984; Phelps et al., 1985; Phelps and Vaughn, 1986) and have been proposed to play key roles in the regulation of the activity of the local circuits (Galarraga et al., 1999; Koó s and Tepper, 2002) , in the presynaptic modulation of dopamine release (Rice and Cragg, 2004; Cachope et al., 2012; Threlfell et al., 2012) , and in behavior (Kimura et al., 1984; Aosaki et al., 1994; Apicella et al., 1997; Blazquez et al., 2002; Morris et al., 2004; Joshua et al., 2008; Witten et al., 2010) . They have been considered to be the only source of acetylcholine in the striatum (Wang et al., 2006; Goldberg et al., 2012) .
The pedunculopontine (PPN) and the laterodorsal tegmental (LDT) nuclei located in the mesopontine tegmentum of the brainstem also contain populations of cholinergic neurons and provide widespread innervation of large regions of the brain. In the case of the PPN, its cholinergic and noncholinergic neurons innervate most basal ganglia structures (Mena-Segovia et al., 2004) . The PPN and LDT have been proposed to influence activity within the striatum by two routes: (1) by innervation of midbrain dopamine neurons (Gould et al., 1989; Bolam et al., 1991; Oakman et al., 1995) , in which acetylcholine modulates the activity of dopamine neurons (Lacey et al., 1990; Zhang et al., 2005) and leads to increased dopamine release in the striatal complex (Hernández-Ló pez et al., 1992; Blaha and Winn, 1993; Blaha et al., 1996) ; (2) cholinergic neurons of the brainstem innervate neurons of the intralaminar and midline thalamus (Smith et al., 1988; Kobayashi and Nakamura, 2003; Mena-Segovia et al., 2008; Parent and Descarries, 2008) that in turn project to the striatal complex (Erro et al., 1999 ).
An additional route by which brainstem cholinergic neurons could influence the striatum is by direct innervation. Indeed, data from earlier tract-tracing studies suggest that this may be the case (Saper and Loewy, 1982; Smith and Parent, 1986; Hallanger and Wainer, 1988; Nakano et al., 1990) . In view of the importance of cholinergic mechanisms in the regulation of dopamine release (Cachope et al., 2012; Threlfell et al., 2012) and network activity in the striatum (Carrillo-Reid et al., 2009; Goldberg et al., 2012) , we aimed to determine whether cholinergic neurons in the brainstem directly innervate the striatum. We used a Cre-driver line to genetically target cholinergic neurons and induce the expression of a fluorescent marker in their axons (Witten et al., 2011) . Our combined approach reveals that the dorsal striatum and NA receive a dense and highly organized cholinergic innervation arising in the brainstem.
Materials and Methods
Animals. Adult (250 -450 g) Long-Evans (LE) wild-type and ChAT::Cre ϩ (Witten et al., 2011) male (n ϭ 29) and female (n ϭ 5) rats were used for all experiments. Rats were maintained on a 12 h light/dark cycle (light on 7:00 A.M.) and ad libitum access to water and food. All procedures were performed in accordance with the Society for Neuroscience policy on the use of animals in neuroscience and the Animals (Scientific Procedures) Act, 1986 (United Kingdom) , under the authority of a Project License approved by the Home Office and the local ethical committee of the University of Oxford.
Stereotaxic injections. All surgical procedures were performed during deep isoflurane anesthesia (2% in O 2 ; Isoflo; Schering-Plough). For the anterograde tracing studies, LE ChAT::Cre ϩ rats (n ϭ 9) were injected with adeno-associated virus serotype 2 (AAV2) carrying the fusion genes for channelrhodopsin 2 (ChR2) and yellow fluorescent protein (YFP) (AAV2-EF1a-DIO-hChR2-YFP; Gene Therapy Center Virus Vector Core, University of North Carolina). The AAV2-EF1a-DIO-hChR2-YFP was injected in the rostral part of the PPN [400 nl over 10 min; from bregma in mm: anteroposterior (AP), Ϫ6.8; mediolateral (ML), ϩ1.8; dorsoventral (DV), Ϫ7.5 ventral of the dura; n ϭ 3], the caudal part of the PPN (400 nl over 10 min; from bregma in mm: AP, Ϫ7.8; ML, ϩ1.8; DV, Ϫ6.5 ventral of the dura; n ϭ 3), or the LDT (300 nl over 10 min; from bregma in mm: AP, Ϫ8.5; ML, ϩ0.9; DV, Ϫ6.0 ventral of the dura; n ϭ 3). An additional two rats were injected into the dorsolateral striatum (from bregma in mm: AP, ϩ0.5; ML, ϩ2.4; DV, Ϫ4.5 ventral of the dura) to label cholinergic interneurons within the striatum.
For the retrograde tracing studies, wild-type LE rats (n ϭ 10) were injected with cholera toxin b (CTb; 2.5% in distilled water, 400 nl over 10 min; Sigma-Aldrich) and Fluorogold (FG; 2.0% in distilled water, 300 nl over 10 min; Fluorochrome), each tracer in one of the following areas: the lateral striatum (as above), the medial striatum (from bregma in mm: AP, ϩ1.0; ML, ϩ1.4; DV, Ϫ4.5 ventral of the dura), the lateral shell of the NA (from bregma in mm: AP, ϩ1.2; ML, ϩ2.7; DV, Ϫ6.8 ventral of the dura), the medial shell of the NA (from bregma in mm: AP, ϩ1.5; ML, ϩ0.9; DV, Ϫ7.2 ventral of the dura), or the medial core of the NA (from bregma in mm: AP, ϩ1.5; ML, ϩ0.9; DV, Ϫ6.5 ventral of the dura). Each rat received two injections, and the combinations of tracers/targets were varied. Finally, for the combined retrograde/anterograde tracing studies, wild-type LE rats (n ϭ 6) were injected with AAV-EF1a-DIO-WGACre-mCherry in the dorsolateral striatum or the NA and with AAV2-EF1a-DIO-hChR2-YFP in the rostral PPN or LDT, respectively. The wheat germ agglutinin (WGA)-Cre fusion protein was expressed by the AAV-EF1a-DIO-WGA-Cre-mCherry, transcellularly transported to the afferent neurons, and retrogradely transported to the soma, in which it produced the recombination of AAV2-EF1a-DIO-hChR2-YFP and the expression of YFP, thus specifically labeling the brainstem neurons projecting to the striatum and their axon collaterals . All injections were made using designated 1 l syringes (SGE Analytical Science) at rate of 40 nl/min and a postinjection diffusion time of 5 min. Approximately 4 weeks later, after the AAV2-EF1a-DIOhChR2-YFP virus injection, 10 -15 d after the tracers injections, and 2-4 weeks after the AAV-EF1a-DIO-WGA-Cre-mCherry plus AAV2-EF1a-DIO-hChR2-YFP injections, the rats were given a lethal dose of pentobarbital (200 mg/kg, i.p.) and perfused transcardially with 0.05 M PBS, pH 7.4, followed by 300 ml of 4% w/v paraformaldehyde in phosphate buffer (0.1 M, pH 7.4) containing 0.1% glutaraldehyde (TAAB Laboratories). Brains were stored in PBS at 4°C until sectioning. To corroborate the findings from this part of the study, an additional group of wild-type LE rats (n ϭ 4) were used in a double retrograde labeling experiment. FG was injected into the NA (500 nl over 10 min; from bregma in mm: AP, ϩ1.5; ML, ϩ0.2; DV, Ϫ7.0 ventral of the dura), and CTb was injected in either the ventral tegmental area (VTA; 300 nl over 10 min; from bregma in mm: AP, Ϫ5.2; ML, ϩ0.9; DV, Ϫ7.5 ventral of the dura) or the mediodorsal thalamus (500 nl over 10 min; from bregma in mm: AP, Ϫ3; ML, ϩ1.4; DV, Ϫ5.0 ventral of the dura). Retrogradely labeled neurons were revealed after perfusion fixation as described above.
Immunohistochemistry. Sagittal sections of the right hemispheres were cut at 50 m thickness in PBS using a vibratome (VT1000S; Leica). For each brain, the sites of injection were verified (see below), and only those with on-target injections were processed further. For the anterograde tracing study, sections containing the entire striatum and NA (4.6 -1.13 mm, from the midline) were incubated overnight in a solution containing antibodies against green fluorescent protein (GFP; also detects YFP; 1:1000, raised in rabbit, A21311; Invitrogen) and either ChAT (raised in goat, 1:500 dilution; Millipore) or tyrosine hydroxylase (TH; to define the accumbens and striatal borders; raised in chicken, 1:500 dilution; Abcam) in 1% normal donkey serum (NDS) and 0.03% Triton X-100 in PBS. After several washes in PBS, the sections were incubated for a minimum of 4 h in an Alexa Fluor 488-conjugated donkey anti-rabbit antibody (1:1000; Life Technologies) and either Cy3-conjugated donkey anti-chicken (1:1000; Jackson ImmunoResearch) or Cy3-conjugated donkey anti-goat antibodies (1:1000; Jackson ImmunoResearch). Additional sections were incubated with an antibody against the vesicular acetylcholine transporter (VAChT; raised in guinea pig, 1:500 dilution in 1% NDS and 0.03% Triton X-100 in PBS, AB1588; Millipore Bioscience Research Reagents) to detect the presence of VAChT in the YFP-labeled axons. Some sections were incubated with antibodies against -opioid receptor (MOR; raised in guinea pig, AB1774; Millipore) to define the striosomes (Graybiel and Ragsdale, 1978) . These incubations were followed by their corresponding fluorophore-conjugated secondary antibodies, as described above.
Sections of the brains that had received tracers injections were first incubated in antibodies against ChAT (1:500) and CTb (raised in mouse, 1:500 dilution in 1% NDS and 0.3% Triton X-100 in PBS; Abcam), washed in PBS, and incubated in Cy3-conjugated donkey anti-mouse antibody (1:1000; Jackson ImmunoResearch) and Cy5-conjugated donkey anti-goat antibody (1:1000; Jackson ImmunoResearch). For FG detection, no additional processing was required.
The sections were mounted on slides using Vectashield and then examined in a fluorescent (ImagerM2; Zeiss) or confocal (LSM-510; Zeiss) microscope using the following filters: 504 nm for FG and Alexa Fluor-488, 560 nm for Cy3, and 650 nm for Cy5 (20ϫ, 0.8 numerical aperture dry objective or 40ϫ, 1.4 numerical aperture oil immersion). Confocal images were processed using Huygens Professional deconvolution software (version 4.1; Scientific Volume Imaging) with a maximum of 40 iterations. The brightness and contrast of captured images were adjusted in Photoshop (Adobe Systems). The distributions of labeled axons in the dorsal striatum and NA and retrogradely labeled neurons in the PPN and LDT were digitized offline using StereoInvestigator (MicroBrightField).
Analysis of the distribution of cholinergic axons. In sections from ChAT::Cre ϩ rats, each of the injection groups (rostral PPN, caudal PPN, or LDT) were analyzed separately. The level of expression of YFP-labeled axons was initially evaluated in the striatum and NA across all levels. To provide a quantitative estimation of the distribution of cholinergic pro-jections across the different groups, three sections per animal were selected corresponding to the following ML levels (from the midline, in mm): 3.18, 2.10, and 1.13 (Paxinos and Watson, 1986) . The striatum, NA, and olfactory tubercle were outlined and subdivided into 40 m 2 bins using StereoInvestigator. Each bin containing at least one YFPpositive labeled axon was marked as positive. The markers were interpolated into an 80 m 2 -bin grid that was averaged across the same ML levels of animals from the same group using MATLAB. Data were then normalized to obtain the probability of innervation. This was plotted as a color map to represent the regions of higher density of cholinergic projections.
Analysis of the distribution of retrogradely labeled neurons. The number of neurons in the rostral PPN, caudal PPN, and LDT projecting to the lateral and medial regions of the dorsal striatum and lateral, medial shell, and core of the NA were quantified according to their rostrocaudal distribution. Neurons within the PPN and LDT, as delimited by the ChATimmunopositive cell bodies, were classified as follows: (1) ChAT
Three representative ML levels of the brainstem were selected for the analysis corresponding to 1.55, 1.13, and 0.9 mm from the midline (Paxinos and Watson, 1986) . To define the boundaries between rostral PPN and caudal PPN, we adapted a method based on the subdivision of the PPN into equally spaced segments in the sagittal plane using concentric circles, as described previously (Mena-Segovia et al., 2009) . Thus, using the center of the substantia nigra pars reticulata (SNr) as a reference point, two equally sized segments of 1400 m width were defined. The first segment represents the rostral PPN (0.6 -2.0 mm from the midpoint of the SNr), and the second segment represents the caudal PPN (2.0 -3.3 mm from the midpoint of the SNr). The LDT neurons were quantified in a single segment (Ͼ3.3 mm from the SNr). Results are expressed as total numbers of neurons that are positive for each of the tracers and the normalized number of retrogradely traced neurons that are immunopositive for ChAT.
Preparation of tissue and immunohistochemistry for electron microscopy. A separate series of sections from ChAT::Cre ϩ rats were incubated in a cryoprotectant solution (0.05 M phosphate buffer, 25% sucrose, and 10% glycerol) overnight and then freeze-thawed three times in liquid nitrogen to increase penetration of the reagents. The sections were washed thoroughly and then incubated in 10% normal goat serum (NGS; Vector Laboratories) in PBS (NGS-PBS) for 2 h at room temperature. All sections were immunolabeled to reveal YFP-containing structures using a biotinylated antibody against GFP, raised in goat (BA-0702; Vector Laboratories), at a dilution of 1:500 in 1% NGS-PBS overnight at room temperature. This was followed by incubation in an avidin-biotin-peroxidase complex (ABC Elite; Vector Laboratories) for 3-4 h at room temperature. The sections were then washed in PBS, followed by washes in Tris buffer (TB; 0.5 M, pH 8) and then transferred to diaminobenzidine solution (0.025 and 0.5% nickel ammonium sulfate in TB) for 15 min. The peroxidase reaction was initiated by the addition of H 2 O 2 to a final concentration of 0.01%. The reaction was allowed to continue for ϳ10 min and was stopped by several washes in TB and then PB. The sections were postfixed in 1% osmium tetroxide in PB for 25 min. They were washed in PB and dehydrated through a graded series of dilutions of ethanol with 1% uranyl acetate (TAAB Laboratories) included in the 70% ethanol solution to increase contrast in the electron microscope. After absolute ethanol, sections were washed twice in propylene oxide (Sigma) for 15 min and placed in resin overnight at room temperature (Durcupan ACM; Fluka). They were then mounted in resin on glass microscope slides and polymerized at 60°C for 48 h. All sections were examined in the light microscope to determine the extent and localization of the labeling. The selected regions were cut from the slides and reembedded in a cylinder of resin for subsequent ultrathin sectioning for the electron microscope.
Electron microscopic analysis. Serial sections (ϳ55 nm) were cut on an ultramicrotome (Leica EM UC6; Leica Microsystems) and collected on pioloform-coated, single-slot copper grids (Agar Scientific). The sections were lead stained for 5-7 min and examined in a Philips CM100 EM. YFP-immunoreactive structures were identified by the electron-dense peroxidase reaction product that adhered to the internal surface of the plasmalemma and the outer membrane of organelles. Axonal profiles were identified by the presence of synaptic vesicles and often mitochondria. YFP-positive axonal profiles were examined in serial sections and synapses identified. For each synapse, the postsynaptic target was characterized. Synapses of the asymmetrical type (Gray's type 1) were characterized as such by the presence of presynaptic vesicle accumulation, a thick postsynaptic density, a widened synaptic cleft, and cleft material, whereas symmetric synapses (Gray's type 2) possessed a much less pronounced postsynaptic density. Structures that did not fulfill these criteria were not considered as synaptic junctions. The digital images were analyzed using NIH Image J, and they were adjusted for contrast and brightness using Adobe Photoshop CS5.1 (Adobe Systems).
Results
Innervation of the striatum and NA by cholinergic axons originating in the PPN and LDT nuclei Three to 4 weeks after infection with the AAV vector in the ChAT::Cre ϩ rats, clusters of cholinergic neurons, identified by immunofluorescent labeling for the YFP, were found around the sites of injection. Cell bodies, dendrites, and local axonal arbors were labeled, and the clusters of labeled neurons ranged from 0.5 to 1 mm in diameter in the sagittal plane. The axons of the brainstem cholinergic neurons gave rise to widespread projections in the form of beaded axons in the midbrain and forebrain, including the superior colliculus, substantia nigra, thalamus, subthalamic nucleus and globus pallidus (external), and ventral pallidum. In addition to this, each of the injections in the PPN or LDT gave rise to YFP-positive axons that occupied most regions of the striatum, NA, and substriatal structures, and their distribution correlated with the region of the brainstem injected ( Fig.  1; see below) . The labeled axons gave rise to frequent varicosities, could follow long, straight paths or give rise to tortuous arborizations (Figs. 2-4) that mostly avoided patches/striosomes (see below). Furthermore, immunofluorescence labeling for VAChT of some of the YFP-positive axons and boutons confirmed the cholinergic nature of the projection (Figs. 2C, 3C, 4C) .
The cholinergic projection from the PPN and LDT to the striatal complex was topographically organized such that the rostral part of the cholinergic brainstem innervated more abundantly the lateral levels of the striatum, and the caudal part innervated more abundantly the medial and ventral levels of the striatum. The AAV injections in the rostral PPN produced areas of dense innervation (patches) mainly in the dorsolateral striatum (Figs. 1, 2A, 2E ). In contrast, deposits in the caudal PPN gave rise to smaller areas of innervation that were sparser and distributed over different levels of the dorsal striatum and NA (Figs. 1,  3 A, E). Cholinergic axons from the LDT showed a level of innervation comparable with that of the rostral PPN, but it was concentrated in the dorsomedial striatum and NA (Figs. 1, 4 A, E). In each case, regions of axonal arborizations in the striatal complex avoided the patches/striosome as defined by the high level of expression of MOR immunoreactivity (Figs. 2B, 3B, 4B ). Furthermore, in each case, electron microscopic (EM) analysis revealed that the axonal varicosities formed synaptic connections (Figs. 2D, 3D, 4D ). These data reveal a topographically organized cholinergic projection originating in the brainstem that innervates wide areas of the dorsal striatum and NA, forming synaptic contacts with different postsynaptic structures.
EM observations EM analysis of the striatum revealed that the axons of brainstem cholinergic neurons gave rise to vesicle-filled boutons that often contained one or more mitochondria and formed synaptic contacts with spines (Figs. 3D, 4D ) and dendritic shafts (Fig. 2D ).
Synapses were mostly asymmetric (Gray's type 1; Figs. 2D, 4D, 5 A, B, E, F ); in some cases, the postsynaptic density was very prominent (similar to cortical and thalamic synapses) but on other occasions was less dense and more diffuse (Fig. 5B) . Symmetrical synapses were less frequently observed (Gray's type 2; Figs. 3D, 5C ). Serial section analysis revealed that synaptic incidence varied depending on the origin (highest for LDT axons and lowest for caudal PPN axons).
The deposits of the viral vector in the striatum led to the labeling of striatal cholinergic neurons and their local axon collaterals (Fig. 5D ). EM analysis of 39 cholinergic synapses derived from interneurons revealed that approximately one-third form asymmetric synapses (Fig. 5 E, F , and the LDT. Injections in the rostral PPN gave rise to a dense innervation of the lateral striatum. Injections in the caudal PPN gave rise to a sparser innervation, with a tendency to innervate more medial regions of the striatum and parts of the NA. In contrast, injections into the LDT led to dense labeling in the most medial striatum and the NA core. Each injection led to labeling in the olfactory tubercle. Each red dot represents at least one immunopositive axonal profile in a bin of 40 m 2 . The corresponding template (right) illustrates the ML levels (millimeters from the midline) and subdivisions of the striatum (DS, dorsal striatum), NA core (NA-core) and shell (NA-shell), and olfactory tubercle (OT) according to the stereotaxic rat brain atlas of Paxinos and Watson (1986) . D, Dorsal; C, caudal. Scale bar, 2 mm. thirds formed symmetrical synapses (Fig. 5G ). This contrasts to cholinergic synapses derived from the rostral PPN, of which 82% formed asymmetric synapses and 18% formed symmetrical synapses (n ϭ 22; Fig. 5H ). Similar differences in the postsynaptic targets of rostral PPN-derived and striatal interneuron-derived cholinergic synapses were observed. Thus, ϳ74% of those derived from the rostral PPN contacted dendritic shafts and ϳ26% contacted spines, whereas the figures were ϳ46% in contact with shafts, ϳ49% with spines, and ϳ5% with perikarya for synapses derived from cholinergic interneurons. Overall, these findings suggest that cholinergic axons derived from neurons in the brainstem, like striatal cholinergic interneurons, make synaptic contact with the spines of medium spiny neurons, and the asymmetric synapses on dendritic shafts suggest that they also contact striatal interneurons.
Neurons retrogradely labeled from the dorsal striatum and NA are topographically organized in the brainstem
To extend the data from the anterograde tracing experiments using viral vectors in transgenic rats, we injected two retrograde tracers in wild-type animals. We injected a combination of targets that included the dorsolateral and dorsomedial areas of the striatum and the core, medial shell, and lateral shell of the NA. The presence and distribution of retrogradely labeled neurons were analyzed in the PPN and LDT. Immunofluorescence for ChAT was used to define the borders of the brainstem structures and to quantify the proportion of neurons projecting to the striatal complex that were cholinergic. The results confirm the presence of a topographical projection from the cholinergic neurons of the brainstem to the forebrain (Fig. 6) . Injections in the dorsolateral striatum (n ϭ 3) resulted in retrogradely labeled neurons mainly in the rostral and caudal PPN (Fig. 6 A, C) and Ͼ70% of the retrogradely labeled neurons were ChAT immunopositive (Table 1) , whereas injections in the dorsomedial striatum (n ϭ 3) led to labeling in the caudal PPN and LDT (Fig. 6C) , with very little labeling in the rostral PPN (Fig. 6A) . In this case, 62-76% of the labeled neurons were ChAT immunopositive (Table 1) . Injections in the core and medial shell of the NA (n ϭ 4 and n ϭ 3, respectively) led to dense labeling particularly concentrated in the LDT (Fig. 6 B, C) , with some labeling, albeit much sparser, in the caudal PPN. In contrast, injections in the lateral shell (n ϭ 4) produced widespread labeling across the PPN and, to a minor degree, the LDT (Fig. 6C) . The proportion of neurons retrogradely labeled from the NA that were ChAT immunopositive was more variable (41-78%) than those labeled from the dorsal striatum. The fact that a proportion of the projection neurons were not ChAT positive suggests that noncholinergic neurons (i.e., glutamatergic and 
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Type I Type II GABAergic) are also involved in the striatal projection pathways (Table 1) .
Axon collaterals of striatal-projecting neurons in the brainstem also innervate the dopaminergic midbrain and the thalamus Cholinergic neurons of the brainstem are known to innervate dopaminergic nigrostriatal/mesolimbic regions and the intralaminar thalamic nuclei (for review, see Martinez-Gonzalez et al., 2011) , and as such have the potential to modulate two of the most significant inputs to the striatal complex. To determine whether it is the same brainstem neurons that innervate the striatal complex that, via collaterals, also innervate midbrain and thalamic targets, we injected a viral vector associated with the WGA-Cre fusion protein (AAV-EF1a-DIO-WGA-Cre-mCherry) in the NA core of wild-type rats (n ϭ 3). This produced transcellular trafficking of the WGA-Cre fusion protein that was retrogradely transported to the cell body Xu and Südhof, 2013) . In combination with the injection of a Cre-dependent vector in the LDT, it induced the expression of the YFP only in those brainstem neurons projecting to the NA that were retrogradely labeled with the WGA-Cre. YFP expressed by these neurons was distributed throughout their somato-dendritic and axonal arbors including their axon collaterals (Fig. 7A) . These targets (NA core and LDT) were selected on the basis of our previous retrograde and anterograde results (Figs. 4,  6B) . We detected the presence of YFP-positive neurons in the LDT (Fig. 7B) , of which the majority were immunopositive for ChAT, consistent with the other experimental approaches. In addition, we detected the presence of YFP-positive axons in the NA core, spread over the region in which the vector carrying the WGA-Cre sequence was injected. Neurons of the LDT gave rise to abundant collaterals that were detected in the VTA (Fig. 7C,D) and the midline thalamus (Fig. 7E) , suggesting that LDT neurons that innervate the NA core also innervate the VTA and thalamus. This combined approach was not possible in the rostral PPN because of the proximity of dopamine neurons in the substantia nigra pars compacta (SNc), which project densely to the dorsal striatum. Animals in which one of the two targets was missed did not produce any detectable labeling of cell bodies or axons. The time between injections and perfusion was shortened compared with previous studies (see Materials and Methods; Xu and Südhof, 2013) to minimize the possibility of transynaptic retrograde labeling of second-order neurons at the level of the thalamus and the VTA. However, because we cannot rule out this possibility entirely, we performed additional experiments using double retrograde tracer injections into the NA core and either the VTA (n ϭ 2) or the mediodorsal thalamus (n ϭ 2). We observed a large number of neurons retrogradely labeled from all three structures, and the majority of them were immunopositive for ChAT (68% for NA, 60% for VTA, and 77% for thalamus). In neurons projecting to the NA, we also detected the presence of the tracer transported from the VTA (in 16.47% of neurons, corresponding to 58 double-labeled neurons of 325 retrogradely labeled neurons from the NA; Fig. 7F ) and the thalamus (in 7.16% of neurons, corresponding to 21 double-labeled neurons of 293 retrogradely labeled neurons from the NA; Fig.  7G ), thus indicating the existence of axon collaterals to those targets and validating the results obtained with the WGA-Cre fusion protein. Together, our results suggest that neurons in LDT are able to provide both a direct and indirect innervation (via VTA and thalamus) of the NA.
Discussion
The main findings of the present study are as follows. First, brainstem cholinergic neurons located in the PPN and LDT provide a major innervation of the dorsal striatum and NA that mainly avoids striosomes. Second, the projection is topographically organized such that the rostral PPN preferentially innervates the dorsolateral striatum, the caudal PPN equally innervates the dorsal striatum and NA, and the LDT preferentially innervates the dorsomedial striatum and NA. Third, accumbens-projecting cholinergic neurons in the LDT give rise to collaterals that innervate the dopamine midbrain and the thalamus, suggesting both a direct and indirect influence of the cholinergic brainstem on striatal regions. Finally, EM analysis revealed that cholinergic axons make synaptic contacts in the dorsal striatum and NA with spines and dendritic shafts and that the profile of synapses and postsynaptic targets is different from that of striatal cholinergic interneurons. Our findings thus demonstrate that, in addition to cholinergic interneurons, cholinergic innervation of the striatum is derived from neurons in the PPN and LDT. The differential activity of striatal cholinergic interneurons and cholinergic neurons of the brainstem during reward-related paradigms suggest that the two cholinergic systems play different but complementary roles in the processing of information in the basal ganglia.
Cholinergic transmission in the striatum
Acetylcholine receptor activation exerts a powerful control over the striatum at both the presynaptic and postsynaptic levels. The direct stimulation of postsynaptic nicotinic and/or muscarinic receptors produces inhibition of projection neurons and excitation of certain types of interneurons (Calabresi et al., 2000; English et al., 2012) . Furthermore, acetylcholine receptor activation modulates striatal glutamatergic and GABAergic transmission through the activation of presynaptic receptors on corticostriatal (Pakhotin and Bracci, 2007) and local interneuron terminals (Koó s and Tepper, 2002) , thus generating complex network effects on striatal circuits (Carrillo-Reid et al., 2009; Plata et al., 2013) . Classically, cholinergic interneurons have been considered the only source of acetylcholine in the striatum. They produce a vast innervation over the entire striatal complex (Bolam et al., 1984; Phelps et al., 1985; Phelps and Vaughn, 1986) and provide a steady tone of acetylcholine release regulated by an intrinsic tonic level of firing (Bennett and Wilson, 1999; Bennett et al., 2000; Goldberg and Reynolds, 2011) . During conditioned reward behavior, a synchronous pause in the tonic firing of putative cholinergic interneurons has been proposed to signal the probability of obtaining a behavioral outcome (Blazquez et al., 2002) and the outcome delivery (Joshua et al., 2008; for review, see Schulz and Reynolds, 2013) , a mechanism that has been shown to be dependent on direct thalamic innervation . In contrast to the firing of cholinergic interneurons of the striatum, cholinergic neurons in the brainstem follow different dynamics: they typically show phasic increases in their relatively slow firing rate associated with brain state transitions (MenaSegovia et al., 2008) , the latter being caused by increased cholinergic transmission in the thalamus (Steriade, 1996; Kezunovic et al., 2012) . Furthermore, neurons in the PPN are phasically activated in response to salient stimuli (Pan and Hyland, 2005) and to cues that predict changes in the magnitude of a reward outcome (Okada et al., 2009 ). Thus, it is possible that cholinergic terminals in the striatum that are derived from the brainstem lead to phasic increases in acetylcholine release associated with different behavioral contexts. Therefore, our data, together with previous data, suggest a dual mode of cholinergic transmission in the striatum: the release of acetylcholine by cholinergic interneurons is tonic and interrupted by behaviorally relevant events, whereas the release of acetylcholine by cholinergic terminals from the brainstem would be phasically increased during salient events. Additional support for the dual innervation comes from the ultrastructural analysis. Our data revealed that the majority of cholinergic synapses from the brainstem are asymmetric. Previous analyses of ChAT-immunopositive synapses in the striatal complex (Wainer et al., 1984 ; but see Phelps et al., 1985; Phelps and Vaughn, 1986; Pickel and Chan, 1990 ) revealed both symmetrical and asymmetrical synapses, the later accounting for ϳ35% in the striatum. This coincides with our data showing that two-thirds of synapses originating from cholinergic interneurons are symmetrical. Together with the fact that cholinergic synapses in other targets of the brainstem are asymmetric (Bolam et al., 1991; Bevan and Bolam, 1995; Omelchenko and Sesack, 2006) , this suggests that a significant proportion of cholinergic synapses in the striatum may arise in the brainstem. Future experiments are necessary to address the impact of the direct brainstem cholinergic transmission and information processing on striatal circuits and the effect of their convergent influence through dopamine and thalamic afferents.
Functional organization of the cholinergic brainstem
Cholinergic neurons in the PPN and LDT display functional specializations that are related to their connectivity and their positions within different neuronal systems. The PPN is associated with arousal/attentional functions mainly through its projections to the intralaminar thalamic nuclei (Steriade et al., 1988; Parent and Descarries, 2008) and with motor functions through projections to structures embedded in different motor circuits (e.g., SNc, subthalamic nucleus, gigantocellular nucleus; Bolam et al., 1991; Kita and Kita, 2011; Martinez-Gonzalez et al., 2013) . In contrast, the LDT is associated with limbic functions underscored by its connections with limbic structures, including the VTA (Omelchenko and Sesack, 2005) , midline thalamic nuclei, and infralimbic and cingulate cortex (Cornwall et al., 1990) , and its involvement in motivational behavior (Lammel et al., 2012) . Furthermore, we observed recently that PPN and LDT cholinergic neurons selectively target distinct subtypes of dopamine neurons in the VTA and induce different modes of discharge in their postsynaptic targets (our unpublished data). The findings in the present study are in line with such a functional dichotomy of brainstem cholinergic neurons: PPN cholinergic neurons project preferentially to the dorsal striatum, which is involved in sensorimotor circuits and integrates inputs from the intralaminar thalamus and the SNc, whereas LDT cholinergic neurons preferentially project to the medial striatum and NA, both of which are involved in limbic functions and integrate inputs from the midline thalamus and the VTA. Our results suggest that the motor/ limbic specialization observed in dorsal/ventral striatal systems is reflected at the level of brainstem cholinergic neurons. Quantification of retrogradely labeled neurons in the PPN (rostral and caudal) and LDT after the injection of tracers in different regions of the striatal complex: dorsal striatum (DS) lateral (n ϭ 3) and medial (n ϭ 3), NA core (n ϭ 4), and NA shell lateral (n ϭ 4) and medial (n ϭ 3). Data are expressed as the normalized cell count for the three regions sampled and the percentage of retrogradely traced neurons that were immunopositive for ChAT Ϯ SEM.
Noncholinergic projections from the PPN and LDT to the striatal complex
The PPN and LDT are heterogeneous structures composed of glutamatergic and GABAergic neurons (Mena-Segovia et al., 2009; Wang and Morales, 2009 ), in addition to the cholinergic neurons. These noncholinergic populations have been shown to project to many of the targets of the cholinergic neurons, including the subthalamic nucleus (Bevan and Bolam, 1995; Kita and Kita, 2011; Martinez-Gonzalez et al., 2013) , the substantia nigra (Futami et al., 1995; Charara et al., 1996) , the thalamus (BarrosoChinea et al., 2011) , and the gigantocellular nucleus (MartinezGonzalez et al., 2013), among others. We observed that a proportion of striatal-projecting PPN and LDT neurons were immunonegative for ChAT, suggesting that they may be gluta- Labeling of axon collaterals from striatal-projecting brainstem neurons. A, Using a combination of two viral vectors, one of which possesses trans-neuronal retrograde capabilities, brainstem neurons that innervate striatal targets were selectively labeled, including their axon collaterals. B, Neurons in the LDT that retrogradely transported WGA-Cre from the NA core expressed the YFP after the local injection of a Cre-dependent virus. C-E, Axon collaterals expressing YFP were detected in the VTA (C), here defined by the border of the TH staining (D), and in the mediodorsal (MD) but not in the anteromedial (AM) thalamus (E), also in agreement with the study by Holmstrand and Sesack (2011) . F, G, Fluorescent images showing triple immunolabeling for ChAT, CTb, and FG in the LDT after injections in the NA (FG) and the VTA (F; CTb) or the thalamus (G; CTb). Examples of neurons with triple labeling in the left panels of F and G (arrows) are shown at higher magnification in the right panels. Scale bars: B, 250 m; (in E) C-E, 500 m; F, G, 50 m. matergic or GABAergic. This opens the possibility that other brainstem neurotransmitters with distinct dynamics may influence the activity of striatal microcircuits. Furthermore, although the presence of glutamate in cholinergic terminals is only found in Ͻ5% of cholinergic neurons (Wang and Morales, 2009) , additional studies should address the possibility of cotransmission from brainstem afferents and potential heterogeneous effects on postsynaptic targets.
Conclusions
In summary, we show that cholinergic neurons in the PPN and LDT have widespread, topographically organized projections to the striatal complex in which synapses are formed with both spines and dendritic shafts. Our results further suggest that the influence of the cholinergic brainstem on the striatal complex involves direct and indirect projections arising from the same set of neurons, the latter mediated by dopamine and thalamic neurons. The convergent activity on striatal microcircuits is likely to have varied and complex effects on striatal information processing. Evidence of a second major source of acetylcholine in the striatum suggests that the functional studies need to be interpreted in a broader context.
